Multi-mode absorption spectroscopy, MUMAS, 1,2,3 is a technique that allows simultaneous multi-species gas sensing with compact, robust, simple and relatively inexpensive laser sources. It provides wider spectral coverage than is afforded by traditional TDLAS, (tunable diode laser absorption spectroscopy), is simpler and less expensive than fs-comb methods since it does not require complex laser systems nor high resolution dispersive optics or complex electronics required for heterodyning methods. A MUMAS signal is generated by measuring the temporal variation in total transmitted intensity as the modes are scanned in frequency over the inter-mode frequency interval, 'Q mode . A change in transmitted intensity, relative to the incident intensity, is recorded whenever any of the modes, during their scan across 'Q mode , comes into resonance with an absorption line in the spectrum of the gas. The signal, therefore, consists of a superposition of single mode scans, one for each mode lying within the spectral range of the laser output, 'Q band . The resulting signal is characteristic of the absorbing species probed by the particular multi-mode laser used. The signal can also be modelled if the spectral locations of the absorption lines are available from a suitable database such as HITRAN, 4 and the laser mode parameters are also known. By fitting the modelled MUMAS signature to the experimental data, using the gas concentrations as fit parameters, the absolute and relative concentrations can be determined.
Multi-mode absorption spectroscopy, MUMAS, 1,2,3 is a technique that allows simultaneous multi-species gas sensing with compact, robust, simple and relatively inexpensive laser sources. It provides wider spectral coverage than is afforded by traditional TDLAS, (tunable diode laser absorption spectroscopy), is simpler and less expensive than fs-comb methods since it does not require complex laser systems nor high resolution dispersive optics or complex electronics required for heterodyning methods. A MUMAS signal is generated by measuring the temporal variation in total transmitted intensity as the modes are scanned in frequency over the inter-mode frequency interval, 'Q mode . A change in transmitted intensity, relative to the incident intensity, is recorded whenever any of the modes, during their scan across 'Q mode , comes into resonance with an absorption line in the spectrum of the gas. The signal, therefore, consists of a superposition of single mode scans, one for each mode lying within the spectral range of the laser output, 'Q band . The resulting signal is characteristic of the absorbing species probed by the particular multi-mode laser used. The signal can also be modelled if the spectral locations of the absorption lines are available from a suitable database such as HITRAN, 4 and the laser mode parameters are also known. By fitting the modelled MUMAS signature to the experimental data, using the gas concentrations as fit parameters, the absolute and relative concentrations can be determined. , was selected by an interference filter, to limit the number of modes used to ̴ 80 to avoid congesting the MUMAS signature with too many features arising from dense absorption spectra. The inter-mode interval, 'Q mode , was determined from fitting to a methane MUMAS spectrum using the spectral parameters obtained from the HITRAN database under known conditions. At 3.68 Pm 'Q mode was found to be 9.785 GHz. The individual mode linewidths of the ICL, 'Q width , were measured using the pressure-dependence of line-shapes in MUMAS signatures of single, isolated, lines in the spectrum of HCl and found to be in the range 10 -80 MHz, depending on the drive current. Using a linewidth of 20 MHz allowed high resolution MUMAS signatures to be obtained. The mode envelope, determining the relative intensity of the modes, was measured using an interferometer. The modes were scanned at rates between 10 Hz -10 kHz and the data recorded digitally.
A standard absorption spectroscopy set-up is used to measure the transmission ratio of a gas sample in a cell. Owing to the relatively narrow inter-mode spacing, ̴ 10 GHz, operating pressures in the range 1 -10 mbar were used to avoid excessive line broadening and so maintain sufficient 978-1-943580-11-8/16/$31.00 ©2016 Optical Society of America spectral structure on the MUMAS signature to allow species identification. Operation at atmospheric pressure would require a value of 'Q mode in the region of 40 -80 GHz which is entirely feasible in a suitably constructed ICL. Concentrations of methane in pure samples at were derived from MUMAS spectra with a standard error of ±1.1%. Figure 1(a) shows the MUMAS signature of CH 4 at 3.64 Pm with a model fit to the data. MUMAS signatures of pure samples of acetylene, C 2 H 2 and of formaldehyde H 2 CO were also recorded under similar conditions. A MUMAS spectrum of a mixture containing methane, acetylene and formaldehyde is shown in figure 1(b) . Partial pressures of each gas were derived from best-fits to the data with an experimental error of ̴ 10%. Simulations based on these results indicate that using an ICL, with an inter-mode interval of ̴ 80 GHz, MUMAS spectra with distinguishable spectral structure sufficient to allow species discrimination would be possible at atmospheric pressure. Provided the noise levels were similar to those recorded in he present work, a potential minimum detection limit of the order of 100 ppmv is estimated for gas sensing at atmospheric pressure. Significantly lower detection limits would be expected using transitions at other spectral locations where the line strengths are orders of magnitude larger than those used in the present study. An ICL-based MUMAS sensor has potential for detection many important molecular species in the mid-infrared with a compact, low-power consumption system requiring minimal active cooling for field applications and with fast response times for industrial process control or environmental monitoring.
